We report on the generation, and momentum space distribution of fluorescence emission from individual SiO2 microsphere on dye coated Au mirror. The molecular fluorescence emission mediated via whispering gallery modes of the sphere is studied using polarization resolved optical energy-momentum micro-spectroscopy. Our experiments reveal intensity dependence of split modes of the cavity as a function of in-plane wavevector and emission polarization in the far field. The exotic far-field distribution can be understood by sphere-image sphere model that further reveals the polarization dependence of the split modes. The presented results reveal the potential of metallo-dielectric soft micro-cavities to engineer molecular emission that can encode spin and orbital angular momentum states and can be further extrapolated to realize dyeloaded active meta-atoms and meta-surfaces.
Introduction
Engineering molecular emission from micro and nanocavities has implications not only in designing efficient chip-scale molecular emitters, [1] [2] [3] [4] but also in understanding fundamental physical and chemical concepts in molecular electrodynamics. [5] [6] [7] Specifically, inelastic radiative processes such as molecular fluorescence [5, [8] [9] [10] [11] and vibrational Raman scattering [12] [13] [14] has been extensively studied to gain deeper insight into how molecule behaves when they interact with an optical cavity. To this end, a variety of cavity architectures have been recently explored to control light-molecule interactions including plasmonic micro and nano-cavities, both in strong [6, 8, 15] and weak coupling [16] regime. On the other hand, dielectric microcavities have a rich history, [17] [18] [19] particularly in the context of molecule-cavity interaction. [20] [21] [22] By combining plasmonic and dielectric structures, hybrid metallo-dielectric cavities have been realized. [23] [24] [25] [26] Hybrid plasmonic-photonic cavities have shown to manipulate morphology-dependent resonances, [27, 28] engineer light-matter interactions, [29, 30] detect molecules, [31, 32] etc. In Motivated by these issues, herein we report our experimental studies on in-plane momentum and polarization-resolved fluorescence emission from dye molecules coupled to microsphere on a gold mirror. One of the important findings from our study is that the far-field fluorescence emission from the cavity is vectorial. That is, the far-field fluorescence spectra have strong polarization dependence in radial and azimuthal coordinates. To the best of our knowledge, this is a unique and unreported observation in molecular fluorescence from an optical cavity.
Background
Strong coupling of microresonators results in the splitting of individual whispering gallery modes (WGMs) into bonding and antibonding modes and can show rich polarization structures and radiation patterns. Since WGMs can carry azimuthal polarization, [33] [34] [35] strong coupling in these structures can potentially open up new areas of research by imparting exotic polarization signatures to molecular emission coupled to the system.
In the past, strongly coupled microresonator system has been realized by placing microspheres side-by-side. [36, 37] Strong coupling in microresonators has also been studied in semiconductor microdiscs, [38, 39] microspheres, [40, 41] epitaxial heterostructures [42] etc. One way to create a strongly coupled microresonator system is to utilize sphere-image sphere interaction by placing microsphere on a metallic mirror. This configuration has been utilized with metal/dielectric nanoparticles and nanowires in various prospects, [12, 15, 25, 43, 44] but has not been studied extensively in understanding polarization structure of strong coupling physics. This configuration is advantageous over in-plane coupling of microspheres as the size mismatch problem between microspheres is solved.
Architecture of the system:
Figure 1 (a) shows the schematic of the experiment. A gold mirror of 100 nm thickness was deposited using thermal vapor deposition method on a glass coverslip. Nile blue (NB) molecules (10 -4 M) were dropcasted on the metal mirror and allowed to dry to form a thin molecular film. The number of molecular layers in the focal volume is more than one for this concentration, and hence molecular fluorescence from the layers not in contact with the metal mirror will be screened and not quenched strongly. SiO2 microspheres of size ~3 µm (with 5% variation in diameter) were dropcasted over the molecular film. This experimental configuration is an important one as this can be easily extrapolated to study molecular emissions coupled to the WGMs of the structure both in reflection geometry and transmission geometry. An individual microsphere was excited by focusing 633 nm laser beam using a high numerical aperture objective lens. Microsphere acts as a micro-lens and focusses the incoming laser to a very small region through photonic nanojet effect. [45, 46] This creates a large electric field at the junction of the microsphere and the metal mirror. NB molecular fluorescence was enhanced due to strong localization of the electric field. The molecular fluorescence couples to WGMs of the microsphere and emits in specific directions. Inset of Figure 1 (a) shows the brightfield optical image of microsphere on thin Au mirror. Individual microspheres were excited using 100x, 0.95 NA air immersion objective lens and the backscattered light was collected from the same objective lens. The collected light was projected onto the Fourier plane (FP) and then analyzed for spectroscopic information (see section S1 of supplementary information for experimental setup).
Results and discussions
The NB fluorescence spectrum collected from individual SiO2 microsphere is shown in figure   1 (b). One can see the enhancement of WGM coupled NB fluorescence from the microsphere coupled Au mirror when compared to that on the glass substrate (Igold/Iglass ~ 5 with Q of individual split mode ~300). This enhancement is due to very high electric field generated at the metal-microsphere interface which enhances the WGM coupled molecular fluorescence (see section S2 and S3 of supplementary information for molecular fluorescence spectra from the bare glass substrate, Au mirror, electric field distribution at the microsphere-substrate interface, and decay rate respectively.) Also the WGMs show clear splitting when the microsphere is coupled to Au mirror, [47] as shown in figure 1 (c) (energy of splitting: 8.27 meV).
Fluorescence emission via Mie modes in the geometry
To understand and identify the Mie modes, the molecular fluorescence spectrum was collected by placing microsphere on the glass substrate (see figure 1 (c) ). Mie modes were characterized using radial (n), orbital (l) and azimuthal (m) quantum numbers (see section S4
and S5 of supplementary information for discussion on assignment of Mie modes). For an isolated microsphere in vacuum, azimuthal quantum number (m) has 2l+1 degeneracy. This degeneracy can be lifted by coupling it to another microsphere, due to the presence of material inhomogeneity or a scatterer at the periphery of the resonator, [48] [49] [50] deviation of the morphology of the microresonator from that of perfect sphere, etc. The lifting of degeneracy will be manifested as a spectral split in the Mie modes. In the present case, the splitting is mainly due to the presence of a metal mirror which alters the azimuthal symmetry of the microsphere. 
Optical energy-momentum spectroscopy of fluorescence emission from the geometry
To analyze the momentum space signatures of WGMs, the outcoupled fluorescence from the system was projected onto the Fourier plane. around kx/k0=0 was filtered using the slit of the spectrometer and dispersed using 1200 grooves/mm diffraction grating to obtain the E-k spectrum. 
Vectorial fluorescence emission
We were interested in understanding the polarization signatures of the split whispering gallery modes due to strong coupling. To this end, we performed polarization resolved FP imaging and spatially filtered spectroscopy. Polarization-resolved FP images did not show any clear evidence of a polarization structure. Also when output polarization signatures of the split modes were measured using real plane spectroscopy, there was no major difference between the intensity of the split modes (See section S8 and S9 of supplementary information for polarization resolved FP images and real plane spectroscopy).
WGMs can potentially possess orbital angular momentum with azimuthal polarization signatures and is difficult to detect its polarization using real plane spectroscopy. Hence, one has to perform polarization resolved E-k spectroscopy to understand the polarization information of strongly coupled optical microresonators. Hence we probed individual WGM using polarization resolved E-k spectroscopy. The FP image was projected onto the slit (width = 200 µm) or a square pin hole (200 µm x 200 µm) placed at the conjugate Fourier plane. The slit (pinhole) was used to filter narrow range of ky/k0 and kx/k0 (see section S10 -S12 of supplementary information for E-k spectroscopy using slit and pinhole). 
A model to explain observed results
We can understand the momentum and polarization signatures of the WGMs by looking at the electromagnetic field of an individual WGM. For simplicity, we consider the electromagnetic field of an individual microsphere. The results can then be extrapolated to microsphere over the mirror. The electromagnetic field of a WGM of an isolated sphere is concentrated at a distance of (1 − √1 − | / | 2 ) from the substrate, where r is the radius of the microsphere [48] (see For quasi-TE modes of the microsphere, where the polarization of the electric field is in-planar, the polarization of the light trapped inside the sphere suffers a continual change during total internal reflection (TIR). The state of polarization (SOP) of the WGMs, for TE modes, preserves this cylindrical symmetry of the microsphere and generates cylindrical vector beams. [33] When the microspheres are strongly coupled, the modes sensitive to the coupling will split. [39] To understand the polarization states of the outcoupled radiation, it is imperative to study how the Mie modes are generated.
We modeled the microsphere on metal film using bi-sphere system. The calculated spectra using the bi-sphere model is shown in figure 4 (b). Dipoles with different orientations were placed in between two spheres, and the intensity is plotted with respect to the wavelength of the oscillating dipole. Due to coupling with the second microsphere, once degenerate mode (TE16,1) now splits into two different modes (see section S13 of supplementary information).
Polarization degeneracy in excitation is lifted and the mode 'a' and 'b' are excited using orthogonal input polarizations (see figure 4 (c) -(e)). Both modes will suffer continuous TIR along the periphery of the sphere. As the input polarization of the excited modes is orthogonal, the outcoupled radiation will also preserve this orthogonality. Since the system is cylindrically symmetric, the polarization of the modes which outcouple after suffering TIR along the periphery of the sphere will be vectorial. This model faithfully explains the momentum space and polarization signatures from strongly coupled optical microresonator system and warrants more rigorous theoretical study.
Conclusion
In summary, we have experimentally shown how a strongly coupled metallo-dielectric microsphere cavity can influence molecular fluorescence to carry exotic polarization structure in the far-field regime, thus representing vectorial fluorescence emission. Using polarization and momentum resolved optical spectroscopy, we show the split modes of microresonator outcouple with azimuthal and radial polarizations. Thus the system under study is a possible generator of two vector beams with orthogonal polarization, which are distributed differently in momentum space. Given that microsphere can be deposited at the desired location and shrunk in size by methods such as reactive ion etching, our studies can be extrapolated to realize active meta-atom and meta-surfaces.
Supporting Information
Supplementary material containing following details is available from Wiley Online Library. Figure S1 : Schematic of the experimental setup used to perform Fourier plane imaging and spectroscopy on microsphere coupled to Au film.
Supplementary information

S1. Experimental setup
The experimental setup used to probe microsphere coupled to Au film is as shown in fig.S1 . Individual microspheres were excited using 100x, 0.95 NA air immersion objective lens and the backscattered light was collected from the same objective lens. The collected light was projected onto the Fourier plane using combination of lenses L3-L6 after rejecting the Rayleigh scattered component using 633 nm Edge filter. Slit /aperture was placed at the conjugate FP created by lens L4 to filter narrow range of wavevectors. Flippable mirror, M2 , was used to direct light to the spectrometer. Lenses L7 and L8 were used to focus the light to the EMCDD and to the spectrometer respectively. In the experimental setup, we have utilized high molecular concentration (10 -4 M) by dropcasting dye solution on Au film. Because of this, the number of molecular layers on the film is more than one. Because of this, the molecular layers touching the Au film will be quenched and the layers above it will be screened (see fig.S2 ). The molecular fluorescence which gets coupled to the WGM will be enhanced and gets outcoupled. On the other hand, Raman can only get enhanced if the frequency overlaps with one of the WGM modes of the sphere. But in any case, fluorescence enhancement always occurs. To understand the effect of the coupling of microsphere to Au film, we performed finite element method (FEM) based numerical simulations using COMSOL 5.2 software. The size of the microsphere was fixed at 3 µm and was placed on a 100 nm Au film. The simulation area was meshed using free tetrahedral mesh and was terminated using perfectly matched layers (PMLs) to minimize spurious reflections from the boundaries. Wavelength dependent refractive index of gold was taken from [1] . The microsphere was excited using dipole source placed at the substrate -microsphere interface. Fig. S3 (a) and (b) shows the near field electric field distributions for microsphere placed on Au film and glass substrate respectively. Figure clearly shows enhancement of local electric field for the microsphere on film geometry. This enhancement of the electric field will be manifested in the enhancement of the molecular signatures coupled to the system. To understand the decay rate modification by coupling the molecule to microsphere on Au film, we calculated decay rates for individual dipoles using 2D FEM methodologies (COMSOL). Microsphere over metallic film was modeled as bisphere system (sphere-image sphere) and the dipolar source was placed at the junction of spheres. The power radiated by the bisphere was integrated over a circle 4 µm away from the system and normalized by power radiated by the individual dipole. The radiative decay rate is enhanced for dipolar orientation along x-axis as shown in figure S4 .
S2. Molecular fluorescence spectra from bare substrates
S3. FEM simulations to calculate near field electric field and decay rate
S4. Assigment of Mie modes
The electromagnetic modes constituted by circular dielectric structures are known as Whispering Gallery Modes (WGMs). The electromagnetic modes get strongly confined due to the suffered total internal reflection of the waves at the surface. Due to the small mode volume and high local electromagnetic field, the Q-value possessed by the microspheres is extremely high [2, 3] . The WGMs of the microsphere, are computed using classical Mie theory and are labelled by two polarizations, Transverse Magnetic (TM) and Transverse Electric (TE) and three quantum numbers n,l and m. n is the radial quantum number and corresponds to the number of intensity maxima along the radius of the sphere. l is equal to half the intensity maxima along the great perimeter of the sphere and is termed as the orbital quantum number whereas m, which is the azimuthal quantum number, is the projection of l on the quantization axis. The mode number were assigned using the Matlab code provided by [4] . The extinction crossection for a microsphere interacting with an electromagnetic field is given by,
where k is the wavenumber and an and bn are mie coefficients to calculate the amplitude of the scattered fields. When bn is zero, an dominates and modes corresponding to this are assigned as TM modes. Similarly, bn dominates when an is set to zero and these modes are assigned as TE modes. Furthermore, the assignment was verified using finite difference time domain (FDTD) simulations.
S5. Molecular fluorescence spectra
Figure S5: Molecular fluorescence spectra collected from microsphere coupled to glass substrate with mode assignment. Figure S5 shows the molecular fluorescence spectrum collected by placing microsphere on glass substrate. Individual peaks of the spectrum corresponds to different mie modes of the microsphere. The mode numbers were assigned using analytical mie theory outlined in the previous section S3. 
S6. Quantifying Fourier plane images
S8. Polarization resolved back focal plane imaging
S10. Momentum resolved spectroscopy of split mie modes
S11. Polarization resolved E-k spectroscopy using a slit
S12. Momentum resolved spectroscopy of strongly coupled microresonators
Figure S12: Momentum resolved spectra collected from the microsphere coupled to Au mirror system. The outcoupled light was filtered using a square pinhole of size 200 µm to understand spectral signatures at different k-points. (a) -(g) are k resolved spectra by placing pinhole at points along ky/k0 =0 as shown in the insets.
Figures S12 (a)-(g) shows the k-resolved spectra of molecular fluorescence coupled to microsphere by placing a square aperture of size 200µmx200µm at the conjugate back focal plane. They clearly show the spectral distribution of split modes as a function of kx, also outlines the fact that split modes occupy different wavevectors. Figure S13 : Calculated near field spectra by exciting an individual microsphere using dipoles oriented along (a) x and (y) axes respectively as shown in the insets.
S13. Calculated near field spectra from single microsphere
S14: Fourier analysis of microsphere coupled to Au film
For the microspheres with relatively lower l values (large distance from the substrate), which is the present case, the electric field of WGMs will be concentrated near the equatorial plane. The local electric field of the mode is ring-shaped. Hence its projection onto the Fourier plane will also be a ring-like structure (see fig 2 (a) and (c) ). The kx and ky values of any mode will then be intimately related to the distance from the substrate. Larger the distance of substrate, the ring in the FP will have large (kx,ky) values. E-k spectrum gives information about the momentum distribution of the individual mie modes. Modes with degenerate |m| (-l to l) will span a range of wavevectors at a particular value of wavelength. This is seen in fig. 2 (d) , where wavevector distribution of individual modes are shown. When the degeneracy is lifted by coupling it to its image sphere, we have ranges of 'm' s associated with different wavelengths. Consider the case of peak 'a' and 'b' ( fig. 1 (c) ). Peak 'a' occurs at lower wavelength and hence associated with modes, m, that are nearer to the substrate. This is because of the fact that the modes with lower values of |m| have higher energy and hence lower wavelength. This makes mode 'a' emit at lower k values, as the electric field is located nearer to the substrate. The projection of such field onto the k-space will be near k=0. On the other hand peak 'b' contains modes away from the substrate. This makes split mode 'b' to emit at higher wavevectors when compared to its counterpart (see fig.2 (c) ).
Also modes near to the substrate (modes with lower value of |m|) will be enhanced more than the modes near the equatorial plane [5] . And the modes near to the substrate project onto lower k/k0 values. Hence for the microsphere on gold film, the majority of emission happens at lower k-values (see fig. 2(a) ). This explains the intricate relationship between the mode numbers of the WGM and its wavevector signatures.
